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The defining character of tics is that they can be transiently suppressed by volitional effort of will, and at a behavioural level this

has led to the concept that tics result from a failure of inhibition. However, this logic conflates the mechanism responsible for the

production of tics with that used in suppressing them. Volitional inhibition of motor output could be increased to prevent the tic

from reaching the threshold for expression, although this has been extensively investigated with conflicting results. Alternatively,

automatic inhibition could prevent the initial excitation of the striatal tic focus—a hypothesis we have previously introduced. To

reconcile these competing hypotheses, we examined different types of motor inhibition in a group of 19 patients with primary tic

disorders and 15 healthy volunteers. We probed proactive and reactive inhibition using the conditional stop-signal task, and

applied transcranial magnetic stimulation to the motor cortex, to assess movement preparation and execution. We assessed auto-

matic motor inhibition with the masked priming task. We found that volitional movement preparation, execution and inhibition

(proactive and reactive) were not impaired in tic disorders. We speculate that these mechanisms are recruited during volitional tic

suppression, and that they prevent expression of the tic by inhibiting the nascent excitation released by the tic generator. In con-

trast, automatic inhibition was abnormal/impaired in patients with tic disorders. In the masked priming task, positive and negative

compatibility effects were found for healthy controls, whereas patients with tics exhibited strong positive compatibility effects, but

no negative compatibility effect indicative of impaired automatic inhibition. Patients also made more errors on the masked priming

task than healthy control subjects and the types of errors were consistent with impaired automatic inhibition. Errors associated

with impaired automatic inhibition were positively correlated with tic severity. We conclude that voluntary movement preparation/

generation and volitional inhibition are normal in tic disorders, whereas automatic inhibition is impaired—a deficit that correlated

with tic severity and thus may constitute a potential mechanism by which tics are generated.

Department of Clinical and Movement Neurosciences, UCL Queen Square Institute of Neurology, Queen Square, London, UK

Correspondence to: Vishal Rawji

Department of Clinical and Movement Neurosciences, UCL Queen Square Institute of Neurology

Queen Square, London, UK

E-mail: vishal.rawji.11@ucl.ac.uk

Keywords: tics; behavioural inhibition; Tourette; transcranial magnetic stimulation

Abbreviations: ADHD = attention deficit hyperactivity disorder; CSE = corticospinal excitability; CSST = conditional stop-signal
task; DDM = drift-diffusion model; MEP = motor-evoked potential; NCE = negative compatibility effect; OCD = obsessive compul-
sive disorder; PCE = positive compatibility effect; RDE = response delay effect; SOA = stimulus onset asynchrony; SSRT = stop-sig-
nal reaction time; TMS = transcranial magnetic stimulation; YGTSS = Yale global tic severity scale

Received July 22, 2019. Revised November 2, 2019. Accepted December 11, 2019. Advance access publication March 3, 2020
VC The Author(s) (2020). Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,

distribution, and reproduction in any medium, provided the original work is properly cited.

doi:10.1093/brain/awaa024 BRAIN 2020: 143; 906–919 | 906

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article-abstract/143/3/906/5775568 by U

niversity C
ollege London user on 30 June 2020

http://orcid.org/0000-0001-7291-0204
http://orcid.org/0000-0001-7103-5209
http://orcid.org/0000-0003-3979-156X


Introduction
The defining character of tics is that they can be transiently

suppressed by volitional effort of will, and at a behavioural

level this has led to the concept that tics result from a failure

of inhibition. However, this logic conflates the mechanism

responsible for the production of tics with that used in sup-

pressing them. In fact, the two may differ: tics could be

caused initially by increased excitation, whereas they are

suppressed at a later stage in their evolution by increasing in-

hibition. This division is consistent with animal models in

which tics are produced by repeated inappropriate activation

of striatal medium spiny neurons in the direct pathway. This

inhibits the final output neurons of the basal ganglia in the

internal segment of the globus pallidus and the substantia

nigra pars reticulata, which normally would be tonically ac-

tive to prevent unwanted movements, thus resulting in disin-

hibition of the thalamo-cortical targets (Mink, 2001;

Israelashvili and Bar-Gad, 2015). Indeed, Israelashvili and

Bar-Gad (2015) have proposed that, although the primary

deficit lies in the striatum, this only determines the stereotyp-

ical spatial expression of the tic, whilst the timing of the tic

depends on input arriving from the cortex. In this scenario,

volitional suppression of tics could engage inhibitory mecha-

nisms that prevent expression of the nascent movement, by

cancelling or compensating for the inappropriate release of

pallidal output. Alternatively, they could prevent the initial

activation of striatal neurons that produce the output.

Most previous studies of inhibitory control in Tourette

syndrome have focused on the former mechanism by meas-

uring performance in tests of reactive and proactive inhib-

ition (Aron, 2011; Jahanshahi et al., 2015). On this basis,

patients may detect the premonitory urge that often precedes

tics and use reactive inhibition to avoid the tic from mani-

festing. This principle is applied in habit reversal therapy for

tics, which teaches patients to become aware of sensations

that precede their tics and to initiate competing movements

to the tic (Deckersbach et al., 2014). Conversely, proactive

inhibition could increase tonic inhibition of the motor sys-

tem and increase the threshold for production of tics (Ganos

et al., 2018).

Reactive and proactive inhibition have been extensively

studied in Tourette syndrome using various tasks such as the

Stroop task (Ozonoff and Jensen, 1999), the flanker task, Go/

No-Go tasks and the stop-signal task (Ray Li et al., 2006),

with mixed results. While some studies report a deficit in in-

hibitory control (Georgiou et al., 1995; Dursun et al., 2000;

Crawford et al., 2005; Ganos et al., 2014), others show no

change (Roessner et al., 2008; Jung et al., 2013; Fan et al.,

2017) and some an enhanced control (Mueller et al., 2006;

Jackson et al., 2007, 2011) relative to age-matched, healthy

control subjects (Mazzone et al., 2010; Draper et al., 2014).

The lack of agreement suggests that these forms of inhibition

are not directly related to production of tics. As outlined in

the model above, they may be better understood as mecha-

nisms that can be used to control tic expression.

We have previously argued that tics may result instead

from an impairment of ‘automatic’ or ‘habitual’ inhibition

that would prevent activation of the striatal focus of tics

(Jahanshahi et al., 2015; Jahanshahi and Rothwell, 2017).

One version of this view contends that there is a continual

input of potential triggers to move from the environment.

Such triggers underlie the ‘affordances’ that are engaged

when we view an object and automatically select how they

are grasped by the hand, or the compulsion to grasp and

manipulate objects in patients with anarchic hand syndrome.

These potential movements are continually and automatical-

ly suppressed by subliminal automatic inhibition, a process

that is not subject to voluntary control (Eimer and

Schlaghecken, 1998; Sumner et al., 2007; McBride et al.,

2018). Without automatic inhibition, motor programmes

subconsciously evoked by visual stimuli (Tucker and Ellis,

2004) or internal cues/urges go unchecked. We are not sug-

gesting that all tics are produced by such environmental trig-

gers (although this may be the case in echopraxia), but only

that the same automatic process could be used to prevent de-

velopment of the internal triggers for tics.

The aim of our study was to test this hypothesis by measur-

ing volitional reactive and proactive inhibition as well as

automatic inhibition in patients with tics. We used the condi-

tional stop signal task (CSST) to probe volitional reactive and

proactive inhibition in a single task. We also tested automatic

subliminal inhibition using the masked priming task, which

measures how the reaction time to a left/right imperative

stimulus is affected by the presentation of an unperceived pri-

ming cue. Finally we tested another observation previously

made only in children, that patients with Tourette syndrome

have reduced corticospinal excitability (CSE) immediately

prior to movement onset (Jackson et al., 2013; Draper et al.,

2014, 2015). This could also contribute to tic control but

could be the result of either automatic or volitional inhibitory

mechanisms. The results show that volitional inhibition is in-

tact in patients with tics. Not only do these patients perform

normally on the CSST, behavioural modelling also shows

that they use the same cognitive strategy as in our control

group, while physiological experiments with transcranial

magnetic stimulation (TMS) reveal normal evolution of CSE.

In contrast, we found clear deficits in automatic inhibition

and suggest that these may contribute to the manifestation of

tics.

Materials and methods

Participants

Nineteen patients with ICD-11 confirmed primary tic disorder
[14 male, mean age 35.05 years, standard deviation (SD) 11.96]
participated, the majority of whom had Tourette syndrome
(n = 16). The first experiment looked at volitional movement
execution and inhibition; TMS and performance on the CSST
was compared with 15 healthy control participants (13 male,
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15 right-handed, mean age 25.53, SD 4.41) who were younger
(t = 2.92, P = 0.006, Cohen’s d = 1.01). In the second experi-
ment looking at automatic motor inhibition, performance on
the masked priming task was compared to a different group of
26 healthy control participants (14 male, mean age 29.73, SD
6.35). An unpaired t-test showed no significant differences be-
tween the age of our patients and these healthy controls
(t = 1.93, P = 0.089, d = 0.58). Healthy control subjects were
recruited from University College London and were screened to
ensure that they had no history of physical, neurological or psy-
chiatric illness or drug or alcohol abuse. None were taking any
medication that would affect brain function at the time of
study.

No participant had contraindications to TMS, assessed by a
TMS screening questionnaire. The study was approved by
University College London Hospitals Ethics Committee.
Informed consent was gained in accordance with the Declaration
of Helsinki.

Tic severity was measured with the Yale Global Tic Severity
Scale (YGTSS) (Leckman et al., 1989; Storch et al., 2005;
Kircanski et al., 2010). Mean motor tic score was 13.05 (SD
4.62) and mean total score was 46.40 (SD 15.40). Eleven
patients had a clinical diagnosis of obsessive-compulsive dis-
order (OCD) and/or attention deficit hyperactivity disorder
(ADHD), and six patients were on mood-enhancing or anxiolyt-
ic medication, confirmed by examining their medical records.
Patient characteristics are presented in Table 1.

Behavioural tasks

Conditional stop-signal task

Participants performed two blocks of the CSST (Fig. 1 and
Supplementary material), which was driven by custom-made
MATLAB (MathWorks) scripts using Psychtoolbox (Brainard,
1997; Pelli, 1997). On each trial, participants were given a

warning signal, followed 500 ms later by a left or right pointing
arrow, indicating a response with the left or right hand. In dif-
ferent blocks of 120 trials, participants were informed that one
of the hands was designated ‘critical’, meaning that on 25% of
trials, a Stop signal would appear at different times after the
‘Go’, indicating that participants must refrain from responding.
However, if the ‘Go’ signal indicated movement of the other
(‘non-critical’) hand, participants were told to ignore the Stop
signal and react as usual. Reaction times for movement of the
‘non-critical’ hand are faster than for movements of the ‘critical’
hand because participants tend to delay responding in the ‘critic-
al’ direction, as they expect they will have to stop in some of the
trials. This difference in ‘critical’ and ‘non-critical’ Go reaction
times is termed the response delay effect (RDE) and serves as a
measure of proactive inhibition. The reaction time to the stop
signal in ‘critical’ trials (SSRT) is used as a measure of reactive
inhibition.

In all trials, a TMS pulse was given to the motor cortex repre-
sentation for the right first dorsal interosseous muscle at one of
five time points (200, 250, 300, 350 and 400 ms) after the Go
signal so that we could measure the build-up of CSE prior to
movement onset. We could then compare the time course of
CSE in ‘critical’ (fast reactions) and ‘non-critical’ (slow reac-
tions) directions. There were also 15 trials, where no signals/
cues were presented, serving as catch trials. All trial types were
presented in a pseudorandom order. In the 15 baseline trials,
TMS was given 1000 ms into the beginning of the trial to assess
CSE at rest. Details of TMS and electromyography are given in
the Supplementary material.

Drift-diffusion modelling

Drift-diffusion modelling (DDM) was applied to reaction times
in Go trials to probe why reaction times are longer on ‘critical’
versus ‘non-critical’ trials (using the DMAT toolbox)

Table 1 Clinical characteristics of patients with primary tic disorders involved in this study

Patient Age

(years)

YGTSS score Co-morbidities Medication

Motor

(/25)

Vocal

(/25)

Severity

(/50)

Impairment

(/50)

Total

(/100)

1 26 24 24 48 0 48 ADHD Sertraline

2 43 10 8 18 10 28 OCD, ADHD Clonazepam

3 59 9 0 9 40 49 OCD, anxiety None

4 38 9 0 9 10 19 OCD, anxiety Melatonin

5 23 18 18 36 30 66 ADHD, anxiety Sertraline

6 46 18 13 31 30 61 ADHD, depression Paroxetine

7 32 5 5 10 30 40 None Iron

8 30 16 16 32 30 62 None None

9 44 15 13 28 30 58 OCD, ADHD None

10 48 9 9 18 20 38 OCD Citalopram, clonazepam

11 29 8 17 25 20 45 None None

12 20 17 10 27 30 57 ADHD None

13 20 12 22 34 40 74 OCD, ADHD, anxiety None

14 19 15 15 30 20 50 OCD, depression, anxiety None

15 36 17 15 32 10 42 None Pimozide

16 28 14 6 20 10 30 None None

17 26 14 8 22 20 42 None None

18 49 16 16 32 30 62 None None

19 50 9 0 9 10 19 None None
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(Vandekerckhove and Tuerlinckx, 2008). DDM models reac-
tions times as a noisy accumulation of information to a thresh-
old (Ratcliff, 1978; Philiastides et al., 2011). The main
parameters of interest are the rate of evidence accumulation
(drift rate), the threshold level (boundary separation), and the
time taken for stimulus processing and motor execution (non-
decision time). For example, reaction times might be longer on
‘critical’ trials because of an increase in boundary separation, or
slower drift rate. Further details are given in the Supplementary
material.

The masked priming task

To assess automatic inhibition, participants performed
three blocks of the masked priming task (Fig. 2 and
Supplementary material), delivered using the Masked Priming
Toolbox (Wilson et al., 2011), using MATLAB (MathWorks)
and Psychtoolbox. The task is a modified visual choice-reac-
tion time task, in which participants respond to one of two
target stimuli with their right or left hand. In all trials, one of
the stimuli (termed a ‘prime’) is presented for 100 ms at dif-
ferent times before target onset. This prime can be either the
same (compatible) or different (incompatible) to the target,
but is not perceived by participants because it is followed by
a masking stimulus. The unperceived prime can either speed
(a positive compatibility effect, PCE) or delay (negative com-
patibility effect, NCE) the reaction time to the target, depend-
ing on the time interval between them. The NCE is regarded
as a measure of automatic motor inhibition (Eimer and
Schlaghecken, 2003).

We were also interested in errors made, categorized as:
(i) discrimination (incorrect target selected); (ii) omission
(responses 41 s or no button pressed); (iii) fast (response before
target presentation); and (iv) premature (responses 5150 ms
after the target, believed to be responding to the prime).

Statistical analysis

Do proactive and reactive inhibition in patients with

tic disorders differ from healthy control subjects?

We predicted that proactive and reactive inhibition would be in-
tact in tic disorders relative to healthy controls. Because of the
differences in age between our tic disorders and healthy control
groups, we performed an ANCOVA with the covariate Age
when comparing the RDE and SSRT between patients and
healthy controls. We also performed Spearman’s rank correl-
ation coefficients between YGTSS scores and the SSRT/RDE.

Are strategic adaptations for reactive and proactive

inhibition similar for patients with tic disorders and

healthy control subjects?

We performed three separate (boundary separation, drift rate
and non-decision time) two-way repeated measures ANCOVAs
with main factors Condition (critical/non-critical) and Group
(tic disorders/healthy controls) to assess whether there were any
differences between DDM parameters. We used Age and critical
and non-critical Go reaction time as covariates due to differen-
ces in reaction time and age between groups. Post-hoc t-tests
were used to evaluate any significant interactions from the

Figure 1 TMS delivery in the conditional stop-signal task. Go trials consist of a fixation cross, followed by one of two imperative stimuli

(right or left arrow) 500 ms later. In 25% of trials, the Go cue is followed by a Stop signal (red cross) at one of four SSDs (100, 150, 200 or 250

ms after the arrow). Participants are told that one arrow direction is critical and the other is non-critical. Participants must attempt to abort their

button press on presentation of a Stop signal after a critical Go cue. If the Stop signal appears after the non-critical Go cue, participants must ig-

nore it and continue pressing the correct button. TMS is delivered on Go trials at one of five time points (counterbalanced and randomized), or

1000 ms into a trial where no signals are shown (baseline trial).
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ANCOVA and Spearman’s rank correlation coefficients between
YGTSS scores and DDM parameters were performed.

Do movement preparation and execution differ

between patients with tic disorders and healthy

control subjects?

Motor-evoked potentials (MEPs) at each time point were
collapsed into a grand average. We used a repeated meas-
ures ANCOVA with main factors Condition (critical/non-
critical), Group (tic disorders/healthy controls), Time from
cue (200, 250, 300, 350 and 400 ms) and covariate Age to
assess differences in motor preparation between patients
with tic disorders and healthy controls (stimulus-locked ana-
lysis). Post hoc paired t-tests were performed between MEPs
to probe any significant interactions.

To assess CSE during movement execution between patients
with tic disorders and healthy control subjects, we controlled
for reaction time differences by calculating the time difference
between TMS delivery and reaction time for each trial (re-
sponse-locked analysis). MEPs were then categorized into 50-ms
time bins and a repeated measures ANCOVA was performed
with main factors Group (tic disorders/healthy controls), Time
before response (200–250, 150–200, 100–150, 50–100 and 0–
50 ms) and Condition (critical/non-critical), again adjusting for
Age. As per the findings that premovement excitability is lower
in children with Tourette syndrome (Jackson et al., 2013;
Draper et al., 2014, 2015), we performed t-tests between CSE at
0–50 and 50–100 ms time bins, between patients with tic disor-
ders and healthy control subjects. We carried out Spearman’s
rank correlation coefficients between YGTSS scores and CSE
prior to movement.

Is there an impairment of automatic inhibition in

patients with tic disorders?

A three-way repeated measures ANOVA with factors
Compatibility (compatible/incompatible), stimulus onset

asynchrony (SOA) (0, 16, 32, 48, 100, 150, 200, 250 ms) and
Group (tic disorders/healthy controls) was used to probe any
significant interactions. Paired t-tests were used to investigate
differences between compatibility within tic disorders and
healthy controls. Another ANOVA with variables:
Compatibility effect and Group (tic disorders/healthy controls)
was carried out to investigate differences in priming effects be-
tween patients and healthy control subjects. Compatibility effect
was calculated by subtracting the mean reaction time on incom-
patible trials from the mean reaction time on compatible trials,
for each SOA, regardless of the imperative direction. We were
particularly interested in compatibility effects for SOAs of 100
ms and 150 ms, where automatic inhibition is believed to oper-
ate (Eimer and Schlaghecken, 2003). A one-way ANOVA was
then used to probe specific differences between compatibility
effects between groups. We used unpaired t-tests to assess differ-
ences in error rate between groups and calculated Spearman’s
rank correlation coefficients between errors made and YGTSS
tic scores.

Data availability

The data supporting these findings are available from the corre-
sponding author.

Results

Conditional stop-signal task

Does proactive and reactive inhibition in patients

with tic disorders differ from healthy control

subjects?

Table 2 shows behavioural measurements. Reaction times

were �90 ms longer for patients with tic disorders than

healthy control subjects (Supplementary material). Both

Figure 2 The masked priming task. The figure shows the four compatibility trial types in the masked priming task and their appropriate

responses. The fixation dot is shown for 100 ms, primes for 17 ms, masks for 100 ms and targets for 100 ms. The onset of the target relative to

the mask changes between one of eight interstimulus intervals (0, 16, 32, 48, 100, 150, 200, 250 ms)—stimulus onset asynchrony (SOA).
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patients and healthy controls had faster reaction times on

failed Stop trials than on critical Go trials, confirming

that they correctly performed the task and that the race

model was not violated (Supplementary material)

(Verbruggen et al., 2019). Proactive inhibition, as indexed

by the RDE, was present and did not differ between tic

disorders and control groups (Supplementary material).

Patients correctly inhibited on more Stop trials than the

control group (Supplementary material). However, this is

unlikely to affect the calculation of the SSRT as we used

the integration method, which accounts for deviances of

p(inhibit) of 50% (Verbruggen et al., 2013). The SSRT

was shorter for the healthy control group than patients

(Supplementary material) suggesting impaired reactive in-

hibition in tic disorders. As it is known that patients with

OCD or ADHD have impaired reactive inhibition, we

hypothesized that this could contribute to the longer

SSRTs in patients. When separating patients into those

with OCD (n = 7) and those without (n = 12), we found

that the group with OCD displayed impaired/delayed

Figure 3 Drift-diffusion model parameters for Go trials of the conditional stop-signal task. Estimated DDM parameters are shown

for individual participants, for boundary separation, non-decision time and drift rate, for critical and non-critical Go trials performed with the

right hand. Top panel shows estimated parameter for patients with tic disorders and bottom for healthy control subjects. Black stars represent

mean parameter estimation, and error bars reflect standard error of the mean (SEM). One healthy control participant’s data were removed be-

cause of a drift rate that was 42 SD greater than the mean.
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reactive inhibition (mean: 367.18 ms, SD: 74.55 ms) com-

pared to healthy control subjects (t = 5.66, P5 0.001,

d = 2.59), whereas the group without OCD (mean: 316.20

ms, SD: 95.24 ms) did not (Supplementary material).

There was no significant effect of OCD status on pro-

active inhibition compared to healthy controls and there

were no differential effects of ADHD, depression and anx-

iety status or mood-enhancing medication use on reactive

or proactive inhibition (Supplementary material). We also

found no statistically significant correlations between

YGTSS scores and markers of proactive and reactive in-

hibition (Supplementary material).

Drift-diffusion modelling

Are strategic adaptations during proactive inhibition

similar for tic disorders and healthy controls?

There were significant main effects of Condition for

boundary separation [F(1,28) = 5.51; P = 0.026, g2 =

0.16] and drift rate [F(1,28) = 5.15; P = 0.031, g2 = 0.16].

These were accompanied by statistically significant effects

of Group for boundary separation [F(1,28) = 7.14;

P = 0.012, g2 = 0.20] and non-decision time [F(1,28) =

4.24; P = 0.049, g2 = 0.13]. The difference between groups

is due to the absolute values of boundary separation being

greater for patients than controls, probably related to lon-

ger reaction times (and non-decision time) in the patient

group; the ANCOVA revealed that there was a significant

effect of ‘critical go reaction time’ [F(1,28) = 4.42;

P = 0.045, g2 = 0.14] for boundary separation. There were

no other statistically significant main effects or interactions

(Supplementary material). Both patients with tic disorders

(t = 4.39, P5 0.001, d = 1.40) and controls (t = 2.75,

P = 0.017, d = 0.79) increased boundary separation in the

face of potential stopping on critical trials relative to non-

critical trials (Fig. 3). We found no significant effects of

OCD [F(1,15) = 0.17; P = 0.687, g2 = 0.01] or ADHD

[F(1,15) = 0.01; P = 0.933, g2 = 0.28] status on the DDM

parameters during the CSST. No significant correlations

between DDM parameters and YGTSS scores were found

(Supplementary material).

TMS evaluation of corticospinal
excitability

Does movement preparation and execution differ

between patients with tic disorders and healthy

controls?

Evolution of cue-locked corticospinal excitability

Baseline MEPs did not differ between patients and controls

(Supplementary material). There was a slower build-up of

CSE after the Go-signal in patients, confirmed by post hoc

t-tests showing that MEP amplitude was greater for non-

critical than critical Go trials at 200, 250, 300 and 350 ms

but not 400 ms (Fig. 4A and B, Supplementary material).

We found significant main effects of Condition [F(1,31) =

7.54; P = 0.01, g2 = 0.20] and Group [F(1,31) = 5.57;

P = 0.025, g2 = 0.15] only, with a trend for Time from

cue [F(4,124) = 2.10; P = 0.085, g2 = 0.06]. We found

no other significant main effects or interactions

(Supplementary material).

Evolution of response-locked corticospinal excitability

It is difficult to interpret the results of the cue-locked ana-

lysis because of the differences in reaction times between

groups. Because of this we aligned the data to response

onset (Fig. 4C and D). When the influence of reaction time

is removed, there is in fact no difference between groups in

the rate of rise of CSE prior to movement in critical and

non-critical trials. Thus, there were no statistically signifi-

cant effects of condition, group or interaction factors

(Supplementary material). There was a significant effect of

time before response [F(4,72) = 9.00; P5 0.001, g2 =

0.33]. Even though there was a tendency for CSE to be

Table 2 Behavioural measures from the conditional stop-signal task for patients with tic disorders and healthy

control subjects

Primary tic disorder patients Healthy controls

Measure Measure description Right hand rule Right hand rule

Critical Non-critical Critical Non-critical

Critical Go RT to Go stimulus in the critical direction 501.64 (77.31) 494.65 (76.48) 410.01 (56.40) 397.10 (53.93)

p(inhibit) % correct inhibition 62.39 (18.20) 61.32 (19.64) 45.90 (14.97) 46.82 (16.62)

Stop Respond RTon failure to stop trials 419.00 (77.14) 461.22 (95.44) 375.89 (41.10) 352.38 (46.72)

Go error % of Go discrimination errors 1.14 (1.94) 1.18 (1.85) 0.67 (1.10) 0.39 (0.88)

Stop signal delay Delay between Go and Stop signals 190.26 (38.59) 185.00 (41.51) 149.50 (41.49) 150.67 (44.00)

SSRT Estimated time taken to abort response 334.98 (89.63) 332.30 (87.00) 229.76 (43.12) 223.90 (46.67)

Non-critical Go RT to Go stimulus in the non-critical direction 429.72 (64.95) 457.60 (103.73) 340.86 (39.37) 355.88 (39.08)

Response delay effect (Critical Go) – (Non-critical Go) RT 71.93 (58.48) 37.05 (17.67) 69.15 (42.02) 41.22 (33.96)

RT = reaction time. Results are shown as mean (SD).
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smaller just prior to movement onset in the tic disorders

group, as in Draper et al. (2014), this was not statistically

significant (Supplementary material), nor was there a cor-

relation between YGTSS scores and excitability prior to

movement.

These results indicate that prior to movement execution,

preparatory changes in CSE are the same in the control

group and patients with tic disorders, suggesting that

patients with tic disorders do not have an abnormally excit-

able motor output.

Masked priming task

Is there an impairment of automatic inhibition in

patients with tic disorders?

Priming effects in healthy control subjects

A summary of findings from the masked priming task is

shown in Fig. 5. We found statistically significant effects

of SOA and compatibility but not of group, showing that

reaction times between conditions were similar

(Supplementary material). As expected from previous

work, the control group responded more slowly (NCE)

when the prime preceded the target by short intervals

(100 ms) whereas their responses were speeded (PCE) if

the interval was longer (250 ms). Thus, there was a sig-

nificant effect of SOA [F(7,175) = 80.52; P5 0.001, g2 =

0.76] and a SOA � Compatibility interaction [F(7,175) =

3.02; P = 0.005, g2 = 0.11] but no main effect of compati-

bility (Supplementary material). Post hoc paired t-tests

showed a significant positive priming effect at an SOA of

250 ms (t = 2.08, P = 0.048, d = 0.22) and the NCE

(marker of automatic motor inhibition) at 100 ms

(t = 2.46, P = 0.021, d = 0.10).

A positive compatibility effect, but no negative compatibil-

ity effect is present in patients with tic disorders

In contrast to the control group, the prime never slowed

responses (NCE) in the patients with tic disorders at any

SOA. There were significant effects of SOA [F(7,119) =

52.28; P5 0.001, g2 = 0.76], Compatibility [F(1,17) =

18.06; P = 0.001, g2 = 0.52] and SOA � Compatibility

[F(7,119) = 2.72; P = 0.012, g2 = 0.14]. We found PCEs at

0, 16, 32, 48, 200 and 250 ms SOAs (Supplementary mater-

ial). By contrast, the NCE was not observed in our patient

sample at 100 ms (t = 0.66, P = 0.515, d = 0.06) or 150 ms

(t = 0.14, P = 0.892, d = 0.02). Lack of the NCE suggests

that automatic motor inhibition is impaired in patients

with tic disorders. A one-way ANOVA found that PCEs

were larger for patients with tic disorders than healthy con-

trols at SOAs of 0, 32 and 48 ms, with statistical trends at

16 and 200 ms (Supplementary material). We also found a

statistical trend that the compatibility effect was greater for

patients than healthy controls at 100 ms (Supplementary

material). We found no differences in priming effects when

patients were stratified by OCD/ADHD/depression/anxiety

status or mood-enhancing medication use (Supplementary

material).

Patients with tic disorders make more errors than healthy

control subjects, consistent with impaired automatic

inhibition

Patients made more total (t = 2.51, P = 0.016, d = 0.77), dis-

crimination (t = 2.43, P = 0.019, d = 0.76), fast (t = 2.52,

P = 0.032, d = 0.67) and premature (t = 2.14, P = 0.038,

d = 0.64) errors than healthy controls. As fast and premature

errors both reflect responding impulsivity, we combined

these errors, which were more prevalent in patients than

controls (t = 2.20, P = 0.034, d = 0.65). Patients and controls

did not differ in the number of omission errors (t = 0.48,

P = 0.634, d = 0.14).

If patients fail to inhibit responses to the prime, then they

should make more discrimination errors during incompatible

than compatible prime-target combinations. If not true, then

discrimination errors should be equally distributed between

incompatible and compatible trials. We found that more dis-

crimination errors were made on incompatible than compat-

ible trials by patients (t = 2.75, P = 0.014, d = 0.55) but not

controls (t = 1.40, P = 0.173, d = 0.29). One possibility is that

patients prioritized speed over accuracy, despite being told to

aim for both. However, as indicated by our initial analysis,

there was no significant effect of group on reaction times dur-

ing the masked priming task (Supplementary material). We

found no differences in error rates when patients were strati-

fied by OCD/ADHD/depression/anxiety status or mood-

enhancing medication use (Supplementary material).

These results suggest that patients with tic disorders ex-

hibit an impairment to inhibit responses to the prime in the

masked priming task—a manifestation of an impairment in

automatic motor inhibition.

Errors consistent with an impairment of automatic inhib-

ition are positively correlated with tic severity

We investigated whether errors correlated with the clinical

severity of tics by calculating Spearman’s rank correlation

coefficients between each of the errors made and YGTSS tic

severity scores. Tic severity correlated with total (rs = 0.50,

P = 0.036), discrimination (rs = 0.52, P = 0.026), fast (rs =

0.48, P = 0.046), premature (rs = 0.56, P = 0.017) and total

fast ‘impulsive’ errors (rs = 0.57, P = 0.014) but not with

omission errors (rs = 0.11, P = 0.673). We found similar

results when correlating with motor and vocal scores, and

reassuringly, found no correlations with tic impairment—a

subjective measure of how tics affect daily life

(Supplementary material).

Discussion
As predicted (Jahanshahi et al., 2015; Jahanshahi and

Rothwell, 2017), we found that volitional inhibition, as

measured behaviourally by proactive and reactive inhibition

in the CSST, was normal in patients with tic disorders, rela-

tive to healthy control subjects, whereas automatic inhibition

on the masked priming task was impaired. DDM of the

CSST confirmed that the strategy used to produce proactive

inhibition was the same in patients and controls. In addition,
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the output from motor cortex during movement preparation

and execution was the same in patients with tic disorders

and control subjects. Finally, no measures of volitional in-

hibition (SSRT, RDE, CSE or DDM parameter) correlated

with tic severity. Together, these results point towards intact

volitional inhibition and movement preparation/execution in

tic disorders. As noted in the Introduction, although these

mechanisms may be used during volitional inhibition of tics,

the present results show that they are not directly related to

the production of tics. In contrast, in the masked priming

task, we found no evidence for an NCE in tic disorders,

whereas it was present in the control group. Furthermore,

patients made more errors than control subjects, and these

errors were more consistent with an inability to inhibit

the prime—a feature of impaired automatic inhibition.

Interestingly, the error rate in patients was significantly cor-

related with tic severity. We conclude that patients with tic

disorders have impaired automatic inhibition.

Figure 4 Stimulus and response-locked MEPs for patients and healthy controls during critical and non-critical Go trials in the

conditional stop-signal task. Cue-locked: MEP amplitudes are plotted against the time at baseline and from stimulus presentation for Go trials

in the critical direction (A) and non-critical trials (B). Response-locked: MEP amplitudes are plotted in 50-ms time bins determined by the time

between TMS and response, such that smaller values represent data points closer to responses. Plots on each graph represent CSE from patients

and controls. These are plotted for critical (C) and non-critical (D) Go trials, for patients and healthy control subjects. Error bars represent

mean ± SEM. TD = patients with primary tic disorders.
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Proactive and reactive inhibition are
intact in patients with tic disorders

Initial analysis showed that SSRT was longer/delayed in

patients with tic disorders than in healthy control subjects,

which implies a problem in reactive inhibition. However, this

effect was driven by delayed reactive inhibition in the seven

patients with tic disorders who had OCD—something found

in studies of response inhibition in OCD (Chamberlain et al.,

2005, 2007; Menzies et al., 2007). The tic disorders sample

without OCD did not have longer/delayed SSRTs relative to

the healthy control subjects, and thus had normal reactive in-

hibition. As mentioned in the ’Introduction’ section, reports

of motor response inhibition in Tourette syndrome have

been conflicting—some report increases, decreases and no

change in the SSRT. It may be the case that this heterogen-

eity comes from not accounting for the co-morbidities that

come with Tourette syndrome, namely ADHD and OCD.

The pattern of the RDE was similar to that in healthy

controls, suggesting that, like healthy control subjects,

patients were able to strategically and adaptively prolong

responding in anticipation of an upcoming Stop signal on

critical trials. Only one study has previously assessed pro-

active inhibition in patients with tic disorders (Mancini

et al., 2018), finding it normal in children with ‘pure’

(non-OCD) motor tics. Although the previous study was

on children with Tourette syndrome, these findings to-

gether may suggest that volitional inhibition is retained

throughout the disease course.

Although reaction times were slower in our patient sample

than in our healthy control group, we believe that this does

not change the interpretation of our results. Indeed, we

accounted for differences in age and reaction time by statis-

tical adjustments for all analyses in which the CSST was

used. Furthermore, our behavioural measures of interest

from the CSST (RDE and SSRT) are independent of absolute

reaction time values. That is, the RDE and SSRT are both

calculated from within a participant’s reaction time distribu-

tion; for both, task adaptations account for the absolute re-

action time differences within subjects. The RDE is the

reaction time difference when stopping might be required

and the task design means that the SSD tracks Go reaction

time distributions. In fact, it is this same feature of the CSST

that makes it suitable in disorders where reaction times are

Figure 5 Priming effects and errors from the masked priming task. (A) Reaction times are plotted for each condition with numbers

denoting the SOA (time difference between the mask and target) and letter denoting the compatibility of the prime-target set (C = compatible;

IC = incompatible). (B) The compatibility effects are shown for each SOA, with values 40 meaning positive compatibility effects and those below

0 meaning negative compatibility effects. (C) Box plot showing the errors made on the masked priming task as a proportion of the total number

of trials. Inset: The differences between groups for too fast, omission and premature errors. TD = patients with primary tic disorders.
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prolonged, such as Parkinson’s disease (Obeso et al., 2011,

2014; Manza et al., 2017).

Patients and control subjects use
the same strategy to mediate
proactive inhibition

Interrogation of the strategy used during Go trials with

DDM analyses revealed that boundary separation was raised

in tic disorders when stopping might be required, a feature

seen in the healthy controls too. Overall, it seems that

patients use the same strategy to employ proactive inhibition

as healthy control subjects. To our knowledge, this is the

first report of how strategy is changed when stopping might

be required in patients with tic disorders. Although basal

ganglia dysfunction is implicated in the pathogenesis of tics,

this has been predominantly localized to the striatum

(Kalanithi et al., 2005; Bronfeld and Belelovsky, 2011;

McNaught and Mink, 2011; Yael and Vinner, 2015). On

the other hand, there is accumulating evidence that the sub-

thalamic nucleus mediates the change in boundary separ-

ation under restraint (Frank, 2006; Frank et al., 2007;

Obeso et al., 2014; Herz et al., 2016). Our data, therefore,

support the proposal that subthalamic nucleus function is

retained in tic disorders. The absolute values of boundary

separation were greater for patients with tic disorders than

healthy control subjects. As the drift rates are similar be-

tween patients with tic disorders and healthy controls, it is

likely that the higher boundary separation in patients is a

mathematical consequence of the model to account for their

longer reaction times. Indeed, this also predicts that the vari-

ation in reaction times for higher boundary separations

would be greater—something we observed in our data. As

noted above, there was a significant effect of critical Go re-

action time on boundary separation, suggesting that the lon-

ger reaction times in patients was, in part, mediating this

increase in boundary separation.

Movement preparation and
execution are very similar in
patients and control subjects

We found that rise in CSE after the cue was slower in

patients than controls. However, this was confounded by

the fact that patients’ reaction times were slower than the

control group. To remove this factor, we carried out a re-

sponse-locked analysis of CSE, which showed that the rise

of excitability prior to movement did not differ significantly

between the two groups. This differs from previous data in a

Go/No-Go task where a lower CSE was found prior to

movement onset in Tourette patients (Heise et al., 2010;

Draper et al., 2015). The study by Draper et al. (2015) was

on a group of adolescents with Tourette syndrome. Tic con-

trol generally improves with age (Müller-Vahl, 2009; Scahill

et al., 2014; Ganos, 2016) and so their results may not be

directly applicable to our adult sample. Indeed, it has been

suggested that reduction of CSE is related to the ability of

children to control their tics (Draper et al., 2015). It may be

the case that successful CSE suppression determines whether

children eventually outgrow their tics. Consequently, this

may mean that adults with tic disorders are those with less

successful CSE suppression.

In summary, behavioural data, modelling and physiology

converge on the conclusion that volitional movement prepar-

ation, execution and inhibition are normal in patients with

tic disorders. This is consistent with the notion that tics are

involuntary movements that have a different mechanism

than voluntary movements (Obeso et al., 1981; Karp et al.,

1996; Bohlhalter et al., 2006).

Automatic inhibition is impaired in
patients with tic disorders

The masked priming task explored both positive and nega-

tive priming in patients with tic disorders. Patients exhibited

positive priming both at very short and long SOAs that was

stronger than we observed in the control group (Aron et al.,

2003; Eimer and Schlaghecken, 2003; Seiss and Praamstra,

2006; Sohrabi and West, 2009; D’Ostilio et al., 2012).

However, the NCE, a marker of automatic inhibition, was

absent in our patient population although it was present in

our healthy controls. Our analysis of errors strengthened

this hypothesis, showing that patients made more errors

than healthy controls: patients made more discrimination,

fast and premature errors, all of which point towards

patients being unable to inhibit the prime. These effects were

not due to patients prioritizing response speed above accur-

acy as they had similar reaction times to the control group.

We conclude that automatic inhibition is impaired in tic

disorders.

In contrast to the present results, Stenner et al. (2018)

reported normal automatic motor inhibition in tic disorders

at the single SOA (183 ms between prime and target) they

investigated. As the authors themselves noted, they did not

investigate the full range of SOA, which is necessary to assay

the range of priming effects. In our study not only did we

fail to observe a significant NCE in patients with tic disor-

ders, but we also saw that the PCE was larger than controls

at both very early and later SOAs, strengthening the case for

an impairment of automatic inhibition. Indeed, the positive

correlation between errors and tic severity is highly suggest-

ive of a deficit in automatic inhibition, particularly since cor-

relations were specific for automatic inhibition errors

whereas omission errors were not correlated with tic

severity.

In the model of Eimer and Schlaghecken (2003), the NCE

arises from feedforward inhibition in visual facilitation of

movement: the prime initially activates neural representa-

tions of the target, and if the target appears shortly after-

wards, the response is facilitated. However, the prime also

activates a parallel inhibitory process that takes longer to ac-

tivate, that when develops, suppresses activity and impairs
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response to the target. Effectively it balances out the facilita-

tion and thus reduces noise in the system (Schlaghecken and

Eimer, 2002). Reduced excitability of this inhibitory process

in patients with tic disorders would result in increased noise

in the motor system as posited in the ‘motor noise’ hypoth-

esis (Misirlisoy et al., 2015).

The neural substrate for this impairment in automatic in-

hibition is currently unknown, although the putative net-

work implicated in masked priming tasks has been shown to

involve a cortico-subcortical network, including the medial

prefrontal cortex and striatum (Sumner et al., 2007;

D’Ostilio et al., 2012), which overlaps with the fronto-sub-

thalamo-striatal-pallidal network proposed to mediate auto-

matic/habitual and goal-directed inhibition (Jahanshahi

et al., 2015). Our findings support a role for a deficit in

automatic inhibition when this putative network is mapped

onto the frontal lobe and striatal deficits in tic disorders

(Bloch et al., 2011; Draper et al., 2015); tics generated from

striatal dysfunction may not be suppressed by automatic in-

hibition. Indeed, it has been found that GABA concentra-

tions in the SMA are elevated in patients with tic disorders

(Draper et al., 2014). It may be the case that enhanced SMA

GABA in tic disorders inhibits the negative phase of the lat-

eralized readiness potential during masked priming, thereby

preventing automatic inhibition.

Limitations

Although we found no significant effects of co-morbidities

or medication use, other than OCD status, our sample sizes

in these subgroups were not large. Therefore, these results

require confirmation in future studies with larger samples

and subgroups with or without co-morbidities. Furthermore,

co-morbidity status determined in clinical notes may not

have been significant at the time of testing and assessment

via validated scales should be used in future studies.

Nevertheless, we are reassured that investigations of inhibi-

tory control in anxiety (Li et al., 2009; Neo et al., 2011) and

depression (Lipszyc and Schachar, 2010; Fortgang et al.,

2016; Palmwood et al., 2017) are repeatedly reported as

normal, relative to age-matched healthy controls.

Our study did not include any physiological investigation

of automatic inhibition. As per the predictions by

Jahanshahi et al. (2015), we first wanted to assess whether

automatic inhibition was impaired in tic disorders. Having

confirmed this behaviourally, subsequent experiments will

aim to measure physiological parameters, for example using

TMS, to investigate the neural substrates of impaired auto-

matic inhibition in tic disorders.

Conclusions
The results from the CSST suggest that volitional inhibition

and movement preparation and execution are normal in

patients with tic disorders. Conversely, the masked priming

task suggests deficits in automatic inhibition in patients with

tic disorders, indexed by the absence of the NCE and

increased errors that are consistent with an impairment to

inhibit the subliminal prime. Indeed, errors associated with

impaired automatic inhibition correlated with clinical meas-

ures of tic severity, whereas all measures associated with vol-

untary movement, did not. We suggest that intact volitional

inhibition allows patients to voluntarily suppress their tics

and that the cause of their tics is a lack or deficit of auto-

matic inhibition. The results give some insight into the ori-

gins of tics and into how habit reversal therapy and deep

brain stimulation for tic disorders might operate to control

tics.

Acknowledgements
We thank Tourettes Action and all subjects who took part in

this study.

Funding
This study was funded by an MRC doctoral training grant:

MR/K501268/1 and supported by the National Institute for

Health Research University College London Hospitals

Biomedical Research Centre.

Competing interests
The authors report no competing interests.

Supplementary material
Supplementary material is available at Brain online.

References
Aron AR. From reactive to proactive and selective control: developing

a richer model for stopping inappropriate responses. Biol Psychiatry

2011; 69: e55–68.
Aron AR, Schlaghecken F, Fletcher PC, Bullmore ET, Eimer M, Barker

R, et al. Inhibition of subliminally primed responses is mediated by
the caudate and thalamus: evidence from functional MRI and
Huntington’s disease. Brain 2003; 126: 713–23.

Bloch M, State M, Pittenger C. Recent advances in Tourette syndrome.
Curr Opin Neurol 2011; 24: 119–25.

Bohlhalter S, Goldfine A, Matteson S, Garraux G, Hanakawa T,
Kansaku K, et al. Neural correlates of tic generation in Tourette syn-
drome: an event-related functional MRI study. Brain 2006; 129:

2029–37.
Brainard HD. The psycholysics toolbox. Spatial Vis 1997; 10: 433–6.
Bronfeld M, Belelovsky K. Bar-Gad I. Spatial and temporal properties

of tic-related neuronal activity in the cortico-basal ganglia loop.
J Neurosci 2011; 31: 8713–21.

Chamberlain SR, Blackwell AD, Fineberg NA, Robbins TW, Sahakian
BJ. The neuropsychology of obsessive compulsive disorder: the im-
portance of failures in cognitive and behavioural inhibition as candi-

date endophenotypic markers. Neurosci Biobehav Rev 2005; 29:
399–419.

Impaired automatic inhibition in tic disorders BRAIN 2020: 143; 906–919 | 917

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article-abstract/143/3/906/5775568 by U

niversity C
ollege London user on 30 June 2020

https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa024#supplementary-data


Chamberlain SR, Fineberg NA, Menzies LA, Blackwell AD,
Bullmore ET, Robbins TW, et al. Impaired cognitive flexibility

and motor inhibition in unaffected first-degree relatives of
patients with obsessive-compulsive disorder. Am J Psychiatry

2007; 164: 335–8.
Crawford S, Channon S, Robertson MM. Tourette’s syndrome: per-

formance on tests of behavioural inhibition, working memory and

gambling. J Child Psychol Psychiatry 2005; 46: 1327–36.
D’Ostilio K, Collette F, Phillips C, Garraux G. Evidence for a role of a

cortico-subcortical network for automatic and unconscious motor

inhibition of manual responses. PLoS One 2012; 7:
Deckersbach T, Chou T, Britton JC, Carlson LE, Reese HE, Siev J,

et al. Neural correlates of behavior therapy for Tourette’s disorder.
Psychiatry Res2014; 224: 269–74.

Draper A, Jude L, Jackson GM, Jackson SR. Motor excitability during

movement preparation in Tourette syndrome. J Neuropsychol 2015;
9: 33–44.

Draper A, Stephenson MC, Jackson GM, Pépés S, Morgan PS, Morris
PG, et al. Increased GABA contributes to enhanced control over motor
excitability in Tourette syndrome. Curr Biol 2014; 24: 2343–7.

Dursun SM, Burke JG, Reveley MA. Antisaccade eye movement
abnormalities in Tourette syndrome: evidence for cortico-striatal net-

work dysfunction? J Psychopharmacol 2000; 14: 37–9.
Eimer M, Schlaghecken F. Effects of masked stimuli on motor activa-

tion: behavioral and electrophysiological evidence. J Exp Psychol

Hum Percept Perform 1998; 24: 1737–47.
Eimer M, Schlaghecken F. Response facilitation and inhibition in sub-

liminal priming. Biol Psychol 2003; 64: 7–26.

Fan S, Cath DC, van der Werf YD, de Wit S, Veltman DJ, van den
Heuvel OA. Trans-diagnostic comparison of response inhibition in

Tourette’s disorder and obsessive-compulsive disorder. World J Biol
Psychiatry 2017; 0: 1–11.

Fortgang RG, Hultman CM, Van Erp TGM, Cannon TD.

Multidimensional assessment of impulsivity in schizophrenia, bipo-
lar disorder, and major depressive disorder: testing for shared endo-

phenotypes. Psychol Med 2016; 46: 1497–507.
Frank MJ. Hold your horses: a dynamic computational role for the

subthalamic nucleus in decision making. Neural Networks 2006; 19:

1120–36.
Frank MJ, Samanta J, Moustafa AA, Sherman SJ. Hold your horses:

impulsivity, deep brain stimulation, and medication in
Parkinsonism. Science (80-) 2007; 318: 1309–12.

Ganos C. Tics and Tourette’s: update on pathophysiology and tic con-

trol. Curr Opin Neurol 2016; 29: 513–8.
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Supplementary material 
 

Conditional Stop-signal task 

Each trial began with a white fixation cross on a black background. After 500 ms, this was replaced with a 

white right or left arrow (go cue), to which the participant responded with their right or left index finger as 

fast as possible. On 25% of trials, a stop signal (red cross) appeared above the imperative stimulus at a 

variable delay after the imperative stimulus. This delay, known as the stop signal delay (SSD), was 

controlled by a dynamic staircase tracking algorithm, whereby the SSD would change depending on the 

outcome of the previous stop trial. The starting SSD was always set at 150 ms. If the subject successfully 

prevented their button press on a stop trial, the next stop trial would have an SSD set 50 ms later making 

inhibition more difficult; whereas if the participant failed to stop, the next stop trial would have an SSD set 

50 ms earlier, making inhibition easier. SSDs therefore changed in a staircase manner between four SSDs 

(100, 150, 200 and 250 ms). This dynamic tracking algorithm in effect individualizes the stopping process as 

a function of each participant’s reaction time and is useful when comparing patients and healthy controls. 

Participants were instructed to respond as fast as possible to the go signal and not to delay their responses in 

anticipation of the stop signal. Furthermore, given the conditional nature of the task, participants were told at 

the beginning of the block that they must follow the stopping rule for one direction (critical, i.e. stop signal 

after right arrow as go signal) and ignore it for the other direction (non-critical, i.e. stop signal after left 

arrow as go signal).  

The order of trials was pseudorandomised, such that one in every four trials contained a stop signal. Each 

block consisted of 120 go trials (60 critical, 60 non-critical) and 40 stop trials (20 critical and 20 non-

critical). There were also 15 trials, where no signals/cues were presented, serving as catch trials. 

Behavioural measures included Critical Go reaction time, Non-critical Go reaction time, Stop Respond 

reaction time (reaction time on failed stop trials), average SSD, p(inhibit) (proportion of correct stop trials in 

the CSST) and response delay effect (reaction time difference between critical go and non-critical go trials). 

The response delay effect (RDE) is the behavioural index of adaptively slowing down in the face of 

potential stopping, as stopping is required during critical go trials, but no in non-critical go trials. The RDE 

is a measure of proactive inhibition on the CSST. The stop signal reaction time (SSRT), the behavioural 

estimate of speed of stopping to the stop signal on critical trials, was calculated using the integration method 

(Verbruggen et al., 2013). The SSRT is a measure of reactive inhibition on the CSST. 

The masked priming task 

Each trial begins with a black fixation dot on a white background. After 100 ms, the prime (<< or >>) is 

presented for 17 ms (one frame at 60 Hz), after which the mask (a rectangular array of randomly orientated 

line) is presented for 100 ms. After a variable delay determined by increasing frame numbers on a 60 Hz 

monitor (0,16,32,48,100,150,200,250 ms), the target stimulus is presented (<< or >>), to which the 



participant must respond by pressing the ‘A’ or ‘L’ key on the keyboard for left and right responses, 

respectively. The variable delay between the mask and the target presentation is known as stimulus-onset 

asynchrony (SOA). As well as the variable delay between the mask and the target, the congruency of the 

prime and target is also changed; if prime and target are the same stimulus (<</<< or >>/>>) they are 

deemed as compatible; whereas if the prime and target stimuli are pointing in different directions (<</>> or 

>>/<<), the trial is deemed incompatible. Each block consisted of 16 different SOA-compatibility 

combinations, with five repetitions per condition. Participants performed three blocks of the masked priming 

task.  

On the masked priming task, we measured the go reaction time on each trial, indicated by the time between 

the target presentation and pressing of the button. This was averaged per SOA-compatibility condition. For 

reaction time analyses, trials with responses <150 ms and >1000 ms were excluded as anticipations and long 

responses respectively, and only correct trials were included. The reaction time difference between 

compatibility conditions for each SOA was calculated to give the compatibility effect. This was deemed the 

positive compatibility effect (PCE) if reaction times were longer on incompatible trials and the negative 

compatibility effect (NCE) if the reaction times on incompatible trials were shorter. The NCE has been 

shown to be a manifestation of automatic motoric inhibition (Eimer and Schlaghecken, 2003). The mean 

reaction time for all correct trials was also calculated. We also calculated the number of errors, which could 

be of four types: 1) Discrimination errors (the wrong button was pressed in response to the target), 2) 

omission errors (responses that were greater than one second long or no button was pressed, 3) fast errors 

(the participant responded before the target had been presented), and 4) premature errors (participant 

responded <150 ms after the target, believed to be responding to the prime instead). We also calculated the 

mean reaction time of the discrimination errors and whether they occurred on trials which were compatible 

(prime and target the same) or incompatible (prime and target different). 

Transcranial Magnetic Stimulation and Electromyography Recordings 

Throughout the experiment, participants were seated comfortably in a non-reclining chair, with their right 

and left index fingers rested over the ‘M’ and ‘Z’ keys on the keyboard. Their forearms were supported 

using a cushion. Electromyographic (EMG) activity was recorded from the right, first dorsal interosseous 

(FDI) muscle using 19 mm x 38 mm surface electrodes (Ambu WhiteSensor 40713) arranged in a belly 

tendon montage. The raw signals were amplified, and a bandpass filter was also applied (20 Hz to 2 kHz 

(Digitimer, Welwyn Garden City, United Kingdom)). Signals were digitised at 5 kHz (CED Power 1401; 

Cambridge Electronic Design, Cambridge, United Kingdom) and data were stored on a computer for offline 

analysis (Spike2 version 8.10, Cambridge Electronic Design, United Kingdom). 

Single pulse, monophasic TMS was employed using a Magstim 200
2
 stimulator (The Magstim Co. Ltd) 

connected via a figure-of-eight coil with an internal wing diameter of 70 mm. The hotspot was identified as 

the area on the scalp where the largest and most stable motor evoked potentials (MEPs) could be obtained 

for the right first dorsal interosseous (FDI) muscle, using a given suprathreshold intensity. The coil was held 



approximately perpendicular to the presumed central sulcus and tangentially to the skull, with the coil 

handle pointing backwards for postero-anterior (PA) stimulation. Stimulation intensity was set to one 

whereby resting peak-to-peak MEP amplitude was 0.5 mV. 

Application of the drift diffusion model 

We allowed the drift rate, boundary separation and non-decision time to vary between condition (critical vs 

non-critical). The starting point was set to half of the boundary separation given that left/right go cues could 

appear with equal probability. We only used go trials derived from the right hand in this analysis; hence 

right-hand responses when the right hand was critical in one block, and right-hand responses when the right 

hand was non-critical in the other block (for each participant, the critical rule was changed between blocks). 

We did this so that we could make comparisons between the TMS derived measures for the right hand and 

behavioural performance on the CSST with the same hand. Furthermore, TMS has been known to modulate 

reaction time, so we wanted a comparison, which controlled for this.   

  



 

Supplementary table 1: ANCOVA (adjusted for age) for behavioural measures during the 

CSST between TD patients and healthy controls 

Behavioural 

measurement Right hand critical Right hand non-critical 

 dF F p η
2
 dF F p η

2
 

Critical go RT 1,31 6.478 0.016 0.173 1,31 8.562 0.006 0.216 

Non-critical 

go RT 
1,31 10.184 0.003 0.247 1,31 4.210 0.049 0.123 

Stop Respond 

RT 
1,31 0.395 0.534 0.013 1,31 0.402 0.511 0.032 

SSD 1,31 3.831 0.059 0.110 1,31 2.138 0.154 0.065 

P(inhibit) 1,31 7.107 0.012 0.187 1,31 5.736 0.023 0.157 

RDE 1,31 0.680 0.796 0.002 1,31 0.205 0.654 0.007 

SSRT 1,31 8.58 0.006 0.217 1,31 11.183 0.002 0.265 

 

  



Supplementary table 2: Paired t-tests comparing Stop respond and Critical go reaction times 

for TD patients and healthy controls 

Comparison Primary tic disorder patients Healthy controls 

 t p d t p d 

Stop response 

RT vs Critical 

Go RT 

5.36 < 0.001 1.07 4.74 < 0.001 0.69 

 

  



Supplementary table 3: Unpaired t-tests SSRT and RDE between TD patients with and 

without OCD/ADHD/depression/anxiety, and medication use, against healthy controls 

Comparison SSRT RDE 

 t p d t p d 

TD+OCD vs 

HC 
5.66 < 0.001 2.59 0.20 0.861 0.09 

TD-no-OCD vs 

HC 
1.93 0.10 0.75 0.32 0.756 0.13 

TD+ADHD vs 

HC 
-2.53 0.027 2.37 0.90 0.382 -0.13 

TD-no-ADHD 

vs HC 
-4.44 0.001 1.22 -1.51 0.149 0.20 

TD-Depression 

vs HC 
4.29 0.001 3.23 1.04 0.314 0.78 

TD-no-

Depression vs 

HC 

3.85 0.001 1.37 -0.40 0.969 -0.01 

TD+Anxiety vs 

HC 
2.40 0.027 1.24 -0.80 0.436 -0.41 

TD-no-Anxiety 

vs HC 
4.54 < 0.001 1.69 0.53 0.599 0.20 

TD-mood-

medications vs 

HC 

5.77 0.001 1.52 0.84 0.428 -0.44 

TD-no-mood-

medications vs 

HC 

-9.87 < 0.001 1.75 -0.665 0.513 0.30 

  



Supplementary table 4 Spearman’s rank correlation between YGTSS scores and measures of 

reactive (SSRT) and proactive (RDE) inhibition 

 SSRT RDE 

YGTSS 

feature 
rs p rs p 

Motor -0.40 0.097 0.03 0.902 

Vocal -0.16 0.536 0.23 0.361 

Severity -0.34 0.174 0.16 0.538 

Impairment -0.17 0.514 -0.21 0.401 

Total -0.28 0.268 0.02 0.948 

 

  



Supplementary table 5: ANCOVA, adjusted for age, comparing baseline MEP amplitude 

between TD and healthy controls 

Behavioural 

measurement Right hand critical Right hand non-critical 

 dF F p η
2
 dF F p η

2
 

Baseline CSE 1,31 2.773 0.106 0.082 1,31 0.843 0.366 0.026 



Supplementary table 6: Results of the repeated measures ANCOVA assessing DDM parameters during critical and non-critical go trials 

during the CSST for TD and healthy controls. Comparisons are adjusted for age, and critical and non-critical go reaction times.  

 Boundary separation Non-decision time Drift rate 

Factor dF F p η
2
 dF F p η

2
 dF F p η

2
 

Condition 1,28 5.508 0.026 0.164 1,28 0.355 0.556 0.013 1,28 5.148 0.031 0.155 

Condition*Age 1,28 1.463 0.237 0.050 1,28 0.208 0.652 0.007 1,28 0.990 0.328 0.034 

Condition*Critical go RT 1,28 8.567 0.007 0.234 1,28 0.356 0.556 0.013 1,28 1.001 0.326 0.035 

Condition*Non-critical go RT 1,28 2.145 0.154 0.071 1,28 0.052 0.822 0.002 1,28 0.089 0.768 0.003 

Condition*Group 1,28 1.502 0.231 0.051 1,28 2.919 0.099 0.094 1,28 0.237 0.630 0.008 

Age 1,28 < 0.001 0.989 < 0.001 1,28 0.339 0.565 0.012 1,28 < 0.001 0.997 < 0.001 

Critical go RT 1,28 4.415 0.045 0.136 1,28 0.902 0.350 0.031 1,28 0.079 0.781 0.003 

Non-critical go RT 1,28 2.720 0.110 0.089 1,28 0.045 0.833 0.002 1,28 0.459 0.503 0.016 

Group 1,28 7.141 0.012 0.203 1,28 4.241 0.049 0.132 1,28 0.703 0.409 0.024 



Supplementary table 7: Spearman’s rank correlation between YGTSS scores and critical 

drift-diffusion parameters 

DDM 

parameter 

Boundary 

separation Non-decision time Drift rate 

YGTSS 

feature 
rs p rs p rs p 

Motor -0.33 0.184 < 0.01 0.997 0.11 0.652 

Vocal -0.30 0.225 0.17 0.509 -0.11 0.671 

Severity -0.38 0.119 0.06 0.800 -0.16 0.527 

Impairment 0.33 0.182 -0.51 0.031 -0.23 0.358 

Total -0.02 0.932 -0.26 0.297 -0.21 0.394 

 

  



Supplementary table 8: Results of the repeated measures ANCOVA, adjusted for age, 

assessing the evolution of cue-locked corticospinal excitability 

Factor dF F p η
2
 

Condition 1,31 7.541 0.010 0.196 

Condition*Age 1,31 2.085 0.159 0.063 

Condition*Group 1,31 0.002 0.964 < 0.001 

Time from cue 4,124 2.101 0.085 0.063 

Time from 

cue*Age 
4,124 1,445 0.223 0.045 

Time from 

cue*Group 
4,124 0.714 0.584 0.023 

Condition*Time 

from cue 
4,124 0.279 0.891 0.009 

Condition*Time 

from cue*Age 
4,124 0.053 0.995 0.002 

Condition*Time 

from cue*Group 
4,124 1,815 0.130 0.055 

Age 1,31 1.969 0.170 0.060 

Group 1,31 5.567 0.025 0.152 

 

  



Supplementary table 9: Results of post-hoc t-tests between corticospinal excitability at time-

points after the cue between critical and non-critical go trials 

Time (ms) t p d 

200 -2.62 0.013 0.42 

250 -4.24 < 0.001 0.61 

300 -4.32 < 0.001 0.56 

350 -2.37 0.024 0.20 

400 -0.27 0.789 0.04 

 

  



Supplementary table 10: Results of the repeated measures ANCOVA, adjusted for age, 

assessing the evolution of response-locked corticospinal excitability 

Factor dF F p η
2
 

Condition 1,18 0.346 0.564 0.019 

Condition*Age 1,18 0.447 0.512 0.024 

Condition*Group 1,18 2.696 0.118 0.130 

Time from 

response 
4,72 8.998 < 0.001 0.333 

Time from 

response*Age 
4,72 1.491 0.214 0.077 

Time from 

response*Group 
4,72 0.863 0.491 0.046 

Condition*Time 

from response 
4,72 0.808 0.524 0.043 

Condition*Time 

from 

response*Age 

4,72 1.193 0.321 0.062 

Condition*Time 

from 

response*Group 

4,72 2.284 0.069 0.113 

Age 1,18 2.475 0.133 0.121 

Group 1,18 0.001 0.974 < 0.001 

 

  



Supplementary table 11: Post-hoc unpaired (TD vs HC) t-tests between corticospinal 

excitability measured in the response-locked analysis 

 Critical Non-critical 

Time before 

response (ms) 
t p d t p d 

0-50 ms -1.78 0.091 0.65 -1.58 0.130 0.58 

50-100 ms -1.16 0.257 0.40 -0.49 0.631 0.16 

 

  



Supplementary table 12: Spearman’s rank correlation between YGTSS scores and 

critical/non-critical response-locked MEP amplitudes 

Condition Critical Non-critical 

Time prior 

response 

(ms) 

0-50 50-100 0-50 50-100 

YGTSS 

feature 
rs p rs p rs p rs p 

Motor -0.07 0.799 -0.25 0.328 -0.38 0.152 -0.21 0.409 

Vocal -0.05 0.864 0.31 0.227 0.06 0.828 0.27 0.28 

Severity < -0.01 0.990 0.07 0.793 -0.02 0.931 0.09 0.713 

Impairment < -0.01 0.995 0.05 0.858 0.19 0.490 0.07 0.786 

Total 0.02 0.955 0.04 0.885 0.01 0.978 0.05 0.836 

 

  



Supplementary table 13: Results of the repeated measures ANOVA assessing effects of SOA 

and Compatibility during the masked-priming task for TD and healthy control subjects 

Factor dF F p η
2
 

SOA 7,294 126.8 < 0.001 0.751 

SOA*Group 7,294 1.835 0.08 0.042 

Compatibility 1,42 10.66 0.002 0.202 

Compatibility*Group 1,42 5.93 0.019 0.124 

SOA*Compatibility 7,294 4.31 < 0.001 0.093 

SOA*Compatibility*Group 7,294 1.714 0.105 0.039 

Group 1,42 0.708 0.405 0.017 

 

  



Supplementary table 14: Results of the repeated measures ANOVA assessing effects of SOA 

and Compatibility during the masked-priming task for healthy control subjects 

Factor dF F p η
2
 

SOA 7,175 80.52 < 0.001 0.76 

Compatibility 1,25 0.36 0.553 0.01 

SOA*Compatibility 7,175 3.02 0.005 0.11 

 

  



Supplementary table 15: Results of the repeated measures ANOVA assessing effects of SOA 

and Compatibility during the masked-priming task for TD patients 

Factor dF F p η
2
 

SOA 7,119 52.28 < 0.001 0.76 

Compatibility 1,17 18.06 0.001 0.52 

SOA*Compatibility 7,119 2.72 0.012 0.14 

 

  



Supplementary table 16: Paired t-tests between compatible and incompatible trials for each 

SOA, for TD patients and healthy controls 

 Primary tic disorder patients Healthy controls 

SOA (ms) t p d t p d 

0 -3.69 0.002 -0.40 0.494 0.625 0.06 

16 -3.60 0.002 -0.37 -0.928 0.362 -0.01 

32 -1.93 0.071 -0.21 0.627 0.536 0.04 

48 -2.60 0.019 -0.32 0.173 0.864 0.01 

100 -0.66 0.515 -0.06 2.457 0.021 0.10 

150 -0.14 0.892 -0.02 -0.926 0.363 -0.07 

200 -3.20 0.005 -0.39 -1.288 0.210 -0.11 

250 -4.27 0.001 -0.45 -2.081 0.048 -0.22 

 

  



Supplementary table 17: One-way ANOVA comparing compatibility effects between TD 

patients and healthy controls 

SOA (ms) dF F p 

0 1,43 9.951 0.003 

16 1,43 3.085 0.086 

32 1,43 4.246 0.046 

48 1,43 4.909 0.032 

100 1,43 3.484 0.069 

150 1,43 0.213 0.647 

200 1,43 3.289 0.077 

250 1,43 0.972 0.330 

 

  



Supplementary table 18: Spearman rank correlations between masked prime task error types 

and clinical YGTSS scores. Severity = motor + vocal, Total = impairment + severity 

 Motor Vocal Severity Impairment Total 

Error type rs p rs p rs p rs p rs p 

Total 0.53 0.024 0.42 0.085 0.50 0.036 -0.14 0.575 0.27 0.289 

Discrimination 0.53 0.024 0.42 0.085 0.52 0.026 -0.15 0.562 0.26 0.292 

Fast 0.58 0.012 0.35 0.161 0.48 0.046 -0.15 0.552 0.22 0.389 

Premature 0.50 0.034 0.54 0.020 0.56 0.017 -0.15 0.549 0.316 0.202 

Impulsive 

(fast+premature) 
0.61 0.008 0.50 0.036 0.57 0.014 -0.14 0.570 0.31 0.211 

Omission  0.33 0.180 0.10 0.700 0.11 0.673 -0.11 0.666 0.05 0.857 

 
  



Supplementary table 19: Unpaired t-tests for YGTSS scores between patients with and without 

OCD/ADHD/depression/anxiety, and mood-enhancing medication 

 OCD ADHD Depression Anxiety 

Medication 

use 

YGTSS 

feature 
t p t p t p t p t p 

Motor 1.60 0.131 -2.02 0.067 -0.99 0.337 0.45 0.659 1.37 0.210 

Vocal 0.33 0.753 -1.90 0.079 -0.56 0.587 0.11 0.912 1.21 0.249 

Severity 0.84 0.418 -2.22 0.044 -0.80 0.438 0.27 0.791 1.36 0.208 

Impairment 0.29 0.780 -0.41 0.692 -0.37 0.714 0.53 0.183 -1.60 0.145 

Total 0.66 0.533 -1.85 0.091 -0.82 0.422 0.45 0.442 -0.25 0.806 

 

  



Supplementary table 20: Unpaired t-tests for error types in the masked priming task between patients 

with and without OCD/ADHD/depression/anxiety, and mood-enhancing medication 

 

 OCD ADHD Depression Anxiety Medication 

Error type t p t p t p t p t p 

Total 0.36 0.724 1.37 0.210 -1.58 0.330 -0.03 0.979 0.48 0.643 

Discrimination 0.58 0.575 1.21 0.249 -1.90 0.256 -0.04 0.969 0.86 0.415 

Fast 0.15 0.882 1.36 0.208 -0.84 0.547 -0.11 0.915 -0.39 0.704 

Premature 0.08 0.939 -1.60 0.145 -0.74 0.587 -0.23 0.818 -0.88 0.395 

Impulsive 

(fast+premature) 
0.13 0.903 -0.25 0.806 -0.80 0.562 -0.15 0.880 -0.56 0.587 

Omission 0.12 0.911 -1.00 0.345 -1.15 0.453 -0.90 0.383 1.67 0.153 

 

  



Supplementary table 21: Unpaired t-tests for priming effects (PCE/NCE) in the masked priming task 

between patients with and without OCD/ADHD/mood-enhancing medication 

 

 OCD ADHD Depression Anxiety Medication 

SOA 

(ms) 
t p t p t p t p t p 

0 -1.20 0.255 1.14 0.279 0.10 0.939 -1.42 0.205 -1.63 0.137 

16 -1.21 0.243 1.89 0.079 0.11 0.931 -0.28 0.785 -0.89 0.394 

32 -0.51 0.616 2.32 0.034 -0.46 0.722 -0.42 0.692 -1.22 0.247 

48 -0.66 0.520 0.46 0.66 1.02 0.483 0.63 0.542 -1.02 0.340 

100 0.61 0.557 0.70 0.494 0.14 0.896 1.07 0.324 -1.04 0.315 

150 0.40 0.694 -1.10 0.301 -0.72 0.599 0.59 0.566 1.04 0.336 

200 0.24 0.82 -0.16 0.875 0.25 0.841 1.43 0.198 0.64 0.537 

250 -1.76 0.098 -0.71 0.490 -3.42 0.096 0.05 0.963 1.15 0.286 
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